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(Matranga's presentation)

INTRODUCTION

Since its establishment, the Flight Research Center has been
concerned with the problem of landing new types of alrplenes. And,
the pioneer work in reaction rockets for control of manned vehicles
in & space environment was performed at this Center. Therefore, 1t
was only netural that we should have been interested in the problem
of lunar landing since it contained elements of both these areas.

An inhouse study performed in the summer of 1961 disclosed that re-
search was reguired in the areas shown on the first sllde (slide 1-RH).
To best accompllsh these investigations, & simplified, inexpensive

(as far as was possible), variable stability platform was proposed.

It was intended to be only a research craflt and, since the Apollo
project was still in its conceptual stages, no attempt was made to
duplicate any specific configurations. The culmination of this work
was the Lunar Landing Research Vehicle. Primary features of the

cralt iﬁclude ah open tubular structure, a Jet engine, as well as

1ift and attitude rockets.

You may ask, why not perform thils research with a helicopter?

The next figure (slide 2-RH) shows the comparison of translation with
LEM on the moon with helicopter tranmslation and LIRV translation on
the earth. Each craft is shown to scale and the relatively smali

size of the LLRV 1is apparent. Note that translation of LEM will be
accomplished by tilting the thrust vector to provide horizontal vector
components in the direction of desired motion. Because of the re-
duced mass of the moon, the lunar grevity attracts the LEM with 1/6

the force that would be experienced on the earth. Assume a 28-degree

-tilt angle wes commanded in LEM to acquire a desired translational

acceleration. Simulating this situation on the earth, a hellcopter

(H-385)
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would have to provide thrust to overcome the pull of the earth's

gravity field and would tilt only 5 degrees to achleve the translational

acceleration of LEM. The IIRV, however, utilizes the Jet engine in
a servo driven double glmbal to support 5/6 of its welght along the

local vertical, thereby creating a pseudo lunar gravity fleld. Lift

“rockets Tixed to the outer, tilting portion of the frame thrust equlva-

lent to that commanded by LEM and recuire the LLRV to tilt to angles

&s large as those of LEM to achieve the proper transletional acceler-

m

ént reaction to flying at 5 degrees and rlylng at 28 degrees.
BASIC INFORMATION

As you can see in the next figures (s1lide 3-IH and slide 4-RH),
the LIRV is about 10 feet high, 23 feet long, and 14 feet wide. The

pilot sits forward of the c.g. as the astronaut will in LEM. The legs

are symmetrically placed 45 degrees from the orthogonal body axes.

Dualized attitude rockets are displaced from the c.g. to provide con-
troi moments. Thrust of the rockets is ground adjustable between

18 and 90 pounds, each. Jet fuel tenks are located equal distances
fore and aft of the engine and fuel 1s used equally-from each tank.
Two normal and six emergency 1ift rockets are plaoed about the outer
gimbal rings and must be fired in pairs. Fach rocket 1s throttleable
between 100 and 500 pounds thrust. The emefgency rockets have suffi-
cient thrust to recover the vehicle in case the jet englne should
fail. The jet engine, at the vehicle c.g., is a CF-700-2V engine

and is a fan version of the J-85. It develops 4420 pounds thrust
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under standard conditions. Hydrauld

tion. And, needless to say, the pilot experiences considerably differ-
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upon command from the electronics. Spheres to the right and lef't

of the -jet engine coataln 90 percent hydrogen peroxide which 1s the
fuel for the 117t and attitude rockets. Two tanks to the rear of

the craft hold helium for pressurizing the rocket system. Alr-oil
shock struts attenuate vertical impect energy and rubber shock mounts
absorb horizontal touchdown energy. The aft platform contains the
electronic packages and counterbalances the welght of the pilot plat-
form on the forward end. On this platform 1s the variable stablility
system, a radar altimeter, a doppler radar, and an 80-channel PCM
telemetry system.

Vehicle wéight (slide 5-RH) is 3925 pounds and is distributed
as you see on the figure. Preflight jet engine 1dling and rocket
system checks consume approximately 150 pounds, so 1lifv-off welgnts
run about 3775 vounds. There is enough jet fuel aboard for 10 min-
utes of flight and enough rocket fuel for about two minutes of lunar
simuiation time.

The vehicle takes off, climbs to altitude, and gets set up for
the simulation on the jet engine alone. Jet englne performance 1in
terms of altitude is shown on the next slide (slide 6-RH). As can
be seen, Jet engine performance is_highly dependent on alr temperature
and pressure. Here at Edwards on & standard‘day the vehicle can climb
to 4000 feet. With an increase of 20 degrees 1n temperature -- the
warm day curve -- this altitude is reduced to 1000 feet. DBut this

is adequate to accomplish the desired simulation.
CONTROL SYST=M

(Slide 7-IH) A large share of the electronics on the LIRV is
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reculred to meke the simulation possible. An auto-throttle main-
tains the Jjet engine thrust at & level to counteract 5/6 of’ the
venicle weight. The jet engine is held vertically as the craft

tips by & servo position system and tilts small amounts from the
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vertical To counteract aerodynamic forces as can be seen in the fig-
ure. These systems are basically acceleration systems. The next
slide (slide 8-RH) presents 'a time history of system parameters
wnile in the lunar simulation mode. Here the craft 1s translated
forward wnlle descending to touchdown. Since winds were calm this
dey, the engine and vehlcle angles are seen to nearly colncide. The
cormend and sensed accelerations agree to within 0.03 g. System
touchdown translents are barely perceptable to the pilot at lmpact
when engine attitude reference 1s switched to local vertical, ex-
clusively.

A greatly simplified block diagram of the attitude control
system is shown on the next figure (slide 9-RH). As can be seen,
stick sensitivity, threshold and hysterisils, control power, rate
Teedback and angle feedback can all be changed independently. Only
the stick sensitivity can be varied in flight, however. With two
independent sets of rockets and electronics on board, one set is
always kept at a known, satisfactory level while the other is varied.
That way, if the test condition is unsatisfactory, the pilot can al-
ways'SWitch to the other set. Control power capability of the various
modes 1s shown on the next slide (slide 10-RH). Most of the testing
To date has been in the lower control power reglons to approximate
LEM values. All flights have been made in a rate command mode, but

flights In the future willl examine the angle and acceleration command

4
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rmodes as well. Up to now, & center stick and pedals have been used,
but a 3-axis side arm controller will be instélled shortly for &ll

remaining tests. Rate deadbands of from 0.5 to 2 deg/sec have been
used. An extensive analog simulation of LLRV handling cualities has
been performed. The following slide (slide 11-RH) shows pilot ratings
on a Cooper rating scale for the pitch mode during maneuvering tasks.
For these data the system 1s providing rate command with.a 2 deg/sec
deacdband. The boundaries defining the satisfactory area are based

on the sirmulator tests. The flight ratings generally agree with the
simulator data although the ratings do become less favorable as con-

trol power 1s reduced.
DISPLAY

The pilot display panel for LEM had not been designed when the
LLRV was being fabricated. Therefore, the LLRV pilot panel was de-
signed &t the Flight Research Center (slide 12-IR). A thrust-to-
weight meter, & rate of climb and dive meter, an altimeter, and &
horizontal velocity meter were designed and fabricated in-house. In
addition, a three-axlis ball, jet engine instruments; rocket system
instruments and & strip of annuncilator lights were incorporated into
the panel shown bn the slide. However, now that the LEM design has
been better defined, workx 1s underway to update the LIRV cockpit and
meke 1t more like that ol LEM (slide 13-RH). The cockpit in thié
slide 1s the cockplt associated with the LIRV analog simulationf In
this configuration, the instrument panel has been moved to the right
hand corner of the cockpit; the three-axls attitude controller has

been added to the right of the seat; and & slde controller has been

=
A



e

WA

-~ N W

o

Ne

10
11
12
15

-

*..J ' —d
4 O

o
o

19
20
2l
22
23

N n
o U

N
~J

sdded on the left side for controlling 1ift rocket thrust. As soon
as tests are completed in the simulator to the satisfaction of the
pilots, the LLRV cockpit will be modified. Also, plans call for
masking the LLRV cockplt to provide the pllot with visibility

eqguivalent to that of LEM.
TRAJECTORIES

Particularly in the research of maneuvering flignt the LLRV
has and will continue to contribute valuable information. The next
slide shows a representative LLRV simulation of a LEM trajectory

(slide 14-RH). As wes mentioned earlier, the LLRV takes off on the

b]

jet engine alone and sccelerates to the point of Intersection with
the LEM trajectory. At this point the lunar simuilation system 1s
engaged and the LILRV duplicates the terminal lunar trajectory. The
exact conditions for this trejectory are a point for research. Lunar
thrust-to-welght ratios of up to 2 lunar g's can be simulated. Tilt
angles up to 30 degrees can and have been used to effect and stop
translafion. Circling approeches 1in edditlon to stralght-in approaches
already examined, will be considered. The effect of display and'visi—
bililty on the types of‘patterns used willl be examined.

'inélly, on each fiight the touchdown will draw great interest.
The abllity of the pilot to touchdown softly and evenly 1s of concern
because of the greater tendency to tip-over in the lowered, lunar
gravity field. So far, vertical velocities at touchdown have not
exceeded 3 fps and horizontal velocities have not exceeded 2 fps at

touchdown.



SUMMARY

1, In summary, the LLRV has made 43 flights totaling 2 1/2 hours
2 of flight time. Two pllots have shared the flying. The first 10
> riignts checksd out the vehicle attitude control system. The next
b 7 checked out the auto-throttle. The next 17 checked out the total
o) lunar simuletion system. The most recent flights have been devoted
6 to the attitude control system and handling quality research. With
7 eppropriate LEM controi, display, end visibility conditlons, the
8 trajectory work will be performed. It 1s anticipated the'program
9 at the Flignt Research Center will be completed next swnner.
10 With this backgroﬁnd we cen proceed to the next paper which
11 will discuss, Irom a piloting standpoint, some results obtained with
% 12 the craft at this tilme.
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Photo of wvehicle tilt.

Slide 7
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(Walker's presentation)

LLRV - PILOT IMPRESSION

Gur £light experiences with the LLRV have been similar in some re-
soects to those derived from other VTOL programs, and yet I believe,
cuite different in others. As a general comment, since the majority
of our work to date has been invelved with adjusting and demonstrating
the various sysfemS; these remarks reflect mainly results of flights

divected to that work,

(@

n this slide you can obtain an idea of the arrangement of the cockpit.
ne controls show a strong influence of helicopter cockpit design, '
sré we have had no occasion to regret this approach. Thus the pitch,
rcll and yaw controls are conventional stick and rudde?. The stick

has 1° mechanical deadband, plus zpproxi-
mately 19 more travel to reach electronic threshold. Stick force

is about 2i <o furaish positive centering, Tne lift rocket control
“hrottle which is to be used during lunar simulation is the same as

eve at the left of the seat, Be=~

o

a collectiva pitch stick located
czuse that location was utilized for the 1lift rocket stick, the jet
engine throttle occupies & conventional location and arc of operation
on the left-hand console. The emergency gimbal lock switch and
microprone button are located on the control stick grip and all

“her onerations; including selection of attitude control rockets,
jet enzine mode; etc., are performed Dy the left hand, Turthernore,
this is a wide-open visibility machine, in fact, the transparent
penels on the side are retained mostly To protect the pilot some

rom the attitude rocket exhaust én the forward clusters,

"h

—
i

ne

(o]

ockpit arrangement was generated in part prior to any fixed-base
ground simulation here et the Flignt Research Center, and also
amplified and modified as a result of our simulation work which is

shown in progress in the first film clip.

-1-
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I will describe briefly their usapge while you observe the ozeration
of the five prime flight instruments, From left to right are the
thrust-weight indicator, the vertical velocity indicator, altimeter
and attitude indicator. Below the attitude is a ground velocity
indicater. The thrust-weight indicator is calibvrated in lunar g
increments and its response is used for adjusting thrust in hover -

~,

and "to hold constant vertical velocity., The vertical velocity and

@

ground velocity are calibrated in ft/sec, The altimeter reads from

zoro to S00 ft.

We have found the altitude and vertical velocity readouts, which are
- .

darived from a radar altimeter, to be very helpful, Tor instance,

the vertical velocity enables the pilot to establish constant altitude

b
|.
i
o
6Q
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recision at heights above the surface which normally re-
cuire considerable concentration, Recent flights have utilized the
donpler ground velocity to good purpose to hold steady longitudinal
and lateral translation velocities for control evaluation, As a
cur vertical scale altimeten, because of increasedscale
sensitivity as altitude Is reduced, gives the pilot the same urgent
cue to check sinking speed as he obtains from direct vision., The
side by side arrangement makes a practical operation of closing the

sinking speed to zero at a rate governed by the closure of the altitude

Indications from the fixed-base simulation were that it would be a
u

7wl

1t vehicle to fly with the gimbal locked unless a prather

high amcunt of attitude control rocket power was utilized. In order
to gain some familiarity with the rocket control operation and thrust
settings which would seem natural in visual flight, further testing
wes done on tilt fixtures, During this testing it appeared that we
needed to open up the mechanical deadband on the control stick to

eliminate sensitivity to unintentional centrol bursts, although this

v



wes not actually done until the flsst flipght where the need was

verified., The probable thrashold of iimit-cycling was checked also

4]

on the Tilt fixture. We decided that the confipuration to be utilized

L)

flight was with the jet ensine zimbal unlocked {local

> =
~

N

,

i
vertical), 15°/sec,” maximum control acccleration {pitch and roll),
and we would use casters on the main gear in the event of a drift
develoning, The objective would be to just lift-off the ground, es-

tablish a hover, and evaluate controlability; if too much drift

dccurred, set it baek on the ground again,
During preflight checks of control system rockets and lift rockets

e “oriuitous atmospheric condition caused the following visible il-
Lustration of the coudled arrangement of the attitude rockets and

the relative amount of thiust between attitude and 1ift rockets. The
ZI0st burst was a low thrust nosmal 1ift osocket, fol_onlno by attitude
contrel rockets, and Finally all eight normal and emergency lift

.

DPOCKeTs .,

Now observe the first flight onperztion, There was & small amount of
breeze blowing and expected drift did develop, however, it was ®not a
rnizh vatTe so we were able to get adequate amount of airberme flying
zime, A little unfamiliarity with jet throttle thrust response
brought the not too unexpected results shown here., It wasn't too
troublescme as you can observe from the improvement in the second
lift-off, The control system locked in both rockeTs selection so it
weat into limit cycling at the expense of a lot of fuel, but attitude
control was acceptable, Of course, once again, hind sight proved
better than foresight, because, after initial operatio us.proved the
control system was functional so that we could go ahead with the
bimbel locked, we regained control of our own destiny, so to speak,

s far as translation was concerned. This later lift-off utilizing

1]l

jet at slightly less than one g plus normal 1ift rocket goes quite

snoothly.
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It cuickly became apparent that the greatest discrepancy between
Fixcd-base simulation and flight operation was that what appeared
o be a vather difficult task, gimbal-locked, versus an easy one in
(gimbal unlocked) condition, was 180° to visual flight experience,
nowever, the fixed-base simulation was quite good as far as establish-
ment of control powers, though a little lacking for good feel of condi-

tions leading to limit cycling of the control systen-vehicle loop.,

In our next film sequence observe the angular displacement in pitch and

201l of the LLRV relative to the jet engine, which remains vertical, We
. have found this attitude angle, particularly in roll, to be one of the

TostT sensational aspects of flying this machine. One builds up the angle

rnot really believing that it will not go
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rection of tilt, nor slide down hill toward
the ground. The combination of attitude required and time to achieve
same leaves an impression of slow motion maneuvering. The technigue of
conTrol stick movement ranges from short fobs (a sort of dither) at
nover to lengsy duration inputs when maneuvering. These control inputs

Tend to lengthen a

o

well as increase stick deflection as control power

[ %]

ces down, Control in the yaw axis is possibly the least troublesome
F the tasks, Higher rates are built up For large turn angles requir-
ing greater lead rop stopping on a desired heading. This landing is
being made using the jet gimbal locked confipuration but modulating
thrust with the Lift prockats which is smoother and not as sensitive as

the jet throttle. There doesn't scem to be any great difficulty in

[e]
el
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making & soft touchdown, but close concentration and pre

quired for getting the jet centered over a block of concrete; even with

the sibility we have,
Here is a re-run of the same kind of flight only with lift-off at

her combined jet and rocket lift thrust, resulting in a rather

7]

ssectacular ascent, The LLRV appears to be very "busy" with all
the bursts of steam from the lift and control rockets. You are ob-
serving the visual evidence of the audible sensations which prompted

one observir to describe.it as a "battle going on all by itself".
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We are able to hear the control system pulses during flight and to

some extent determine the quality ol operations. Scme impression of

v ~

ed is derived here from the relative Jdrift of the steam bursts, At
Touchdown you can sce an indication of the rebound problem if thrust

1

1s not chopped nromptly. .

[ =]

Generally a control power pesultine in 16% sec © acceleration maximum
has been gocd for operation In boi. the gimbal lock and lunar simulaticn
configuration, althouzhr it is apparent that the raduction of inertia
ana lower thrust for manuevering with jet gimbal unlocked makes lower
control powers acceptable o even gosirable in order to avoid over-
controlling, On the other hand, es the control thrust gces down,

finally maximum attitude rate attaineble becomes reduced to the point

LS

where tre

*J

ilot senses that ne sheuld not allow the vehicle to get into
a combinaztion of attitude and ground proximity or translation change
requirement which recuires correction in a short period of time., He
ars not to use full authority for normal control; rescrving a

cusalon for a safety factor., Also the pilotls ex

e
s}
6]
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0
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0.
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[0
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greater yaw control power, when faced with requirements for
in ¢rder to reduce the time consumed. Thus we are
faced with an operationzl compromisc between a natural desire fuelwise

zo reduce the cenirol thrust and still retain adequate maneuvering

sesponse, A better answer to this situation would be the ability to

1

either use translatlonal thrust rockets or change the main lift

rocket thrust vector angle while maintaining the vehicle attitude

Thoush we have intended using only rate command attitude control,

5 some occasions the yaw system has switched into the backup mode,
wnich in that axis results in acceleration command. About the only
thing was observed of any great significance was that the pllot tended
<o let drift rates increase to higher values than the normal rate
Ceedband befors accomplishing the correction. Hence,; longer perlods

between control damping inputs and longer duration pulses, He tightened
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up the loop during landing, however, The only problem we have had

during taekc-off has been the surface temperature bringing our avail-

able thrust down near that required by tThe weight of the vehicle
resulting in slow ascent necessity to sit and burn off fuel, Deletion

o casters in faver of pads has not caused any trouble, Pre-take-off &

crift-has been reduced, :

ncre has been no confusion of any consequence involved with controlling
altitude and altitude pate by fore and aft movement of the normal jet
enging throttle vs, up and down collective operation of the lifte

ket stick. The functiion appears normal in sense for both, and has

a3y

not caused problems while switching back and forth even close to the

The attitude control rockets furnish adequate accele eratics innut, so
s 9

1,

when the pilot operates the contrels to cause a movement of the

in onder to vetain sufficient control margin,

"nis leads us into consideration of the fidelity of simulation of
ar operation utilizing this machine, I am convinced that under
hover conditions and low translational speed any control require-
ments, decisions and experiences which we achleve are completely
relizt 2 and would vepresent an accurate prediction for those
racessary on the actusl lunar excursion module. That brisf amount

3 L]

of experience which we have at higher speads leads to the conclusion

<hat we can only talk conservatively about control requirements at

szlatively high translational velocities, because, although we have

I
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drag compensation bullt in, we still have the unbalance moments
on the vehicle which need teo be comnensated and hence use scme of

the control power. Thus a control confisuration which apoears

<3

.

To have & good rating in hover and at very low speeds becomes

narginal as we pick up higher speeds, I feel th

throttle mode and the jet stabilization svstenm £
a

. c . :
pilot operating the lunay lan

or sensible transiation adjustments are supplied, and ren

b

near touchdown, Granted that at this point we have been onerating

#

imulation which should not be overlooked
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